unraveled additional pivotal roles of the LBD protein family beyond defining lateral organ boundaries, such as pollen development and nitrogen metabolism. The structural basis for the molecular network of LBD-dependent processes remains to be deciphered. Here, we solved the first structure of the homodimeric LOB domain of Ramosa2 from wheat (TtRa2LD) to 1.9 Å resolution. Our crystal structure reveals structural features shared with other zinc-finger transcriptional factors, as well as some features unique to LBD proteins. Formation of the TtRa2LD homodimer relied on hydrophobic interactions of its coiled-coil motifs. Several specific motifs/domains of the LBD protein were also involved in maintaining its overall conformation. The intricate assembly within and between the monomers determined the precise spatial configuration of the two zinc fingers that recognize palindromic DNA sequences. Biochemical, molecular modeling, and small-angle X-ray scattering experiments indicated that dimerization is important for cooperative DNA binding and discrimination of palindromic DNA through a molecular calipers mechanism. Along with previously published data, this study enables us to establish an atomic-scale mechanistic model for LBD proteins as transcriptional regulators in plants.
LATERAL ORGAN BOUNDARIES DOMAIN (LBD) proteins, a family of plant-specific transcription factors harboring a conserved Lateral Organ Boundaries (LOB) domain, are regulators of plant organ development. Recent studies have
unraveled additional pivotal roles of the LBD protein family beyond defining lateral organ boundaries, such as pollen development and nitrogen metabolism. The structural basis for the molecular network of LBD-dependent processes remains to be deciphered. Here, we solved the first structure of the homodimeric LOB domain of Ramosa2 from wheat (TtRa2LD) to 1.9 Å resolution. Our crystal structure reveals structural features shared with other zinc-finger transcriptional factors, as well as some features unique to LBD proteins. Formation of the TtRa2LD homodimer relied on hydrophobic interactions of its coiled-coil motifs. Several specific motifs/domains of the LBD protein were also involved in maintaining its overall conformation. The intricate assembly within and between the monomers determined the precise spatial configuration of the two zinc fingers that recognize palindromic DNA sequences. Biochemical, molecular modeling, and small-angle X-ray scattering experiments indicated that dimerization is important for cooperative DNA binding and discrimination of palindromic DNA through a molecular calipers mechanism. Along with previously published data, this study enables us to establish an atomic-scale mechanistic model for LBD proteins as transcriptional regulators in plants.
The plant-specific LATERAL ORGAN BOUNDARIES DOMAIN (LBD) 4 proteins are expressed at the adaxial base of initiating lateral organs and regulate plant pattern formation by precisely coordinating temporal and spatial developmental programs. It has been well-documented that these proteins are involved in a large number of developments, such as meristem programming (1, 2) , inflorescence morphogenesis (3, 4) , leaf patterning (5, 6) , and lateral root formation (7, 8) . Recent studies have expanded their functional diversity beyond the definition of lateral organ boundaries. The LBD family proteins also play pivotal roles in pollen development (9, 10) , vascular differentiation (11) , nitrogen metabolism (12) , plant regeneration (13, 14) , photomorphogenesis (15) , disease susceptibility (16, 17) , and some specific developmental processes in wood and grass species (18, 19) .
In the model plant Arabidopsis, the LBD gene family comprises 43 members (20) . A genome survey of the recently published maize (Zea mays) and rice (Oryza sativum) genomes has revealed the presence of 44 and 35 LBD genes in the two plant species, respectively (21, 22) . Ramosa2, a maize LBD protein, is involved in floral organ branching and architecture. The ra2 mutants display striking phenotypic heterogeneities in inflorescence developments, including additional tassel branching, spikelet multimers, and disorganized rows of ear kernels (3, 4) . LBD proteins are defined by a conserved Lateral Organ Boundaries (LOB) domain, which comprises a conserved CX 2 CX 6 CX 3 C motif (referred to as zinc finger). This domain is often followed by three conserved residues Gly-Ala-Ser (termed the GAS motif) harboring an invariant glycine residue and a C-terminal leucine zipper-like motif (LZLM). Although the zinc finger is assumed to be responsible for DNA binding, the LZLM is thought to be a protein dimerization domain
Results

Overall crystal structure of the LOB domain of Ramosa2 from wheat
The LBD family proteins consist of an N-terminal LOB domain and a variable C-terminal region that regulates downstream gene expression (1) . Our phylogenetic analysis and multiple sequence alignment revealed that the LOB domain is highly conserved throughout the plant kingdom ( Fig. S1 ). To gain insight into the structural and mechanistic basis of the functions of LBD transcription factors, we screened several LBD proteins from different species such as Arabidopsis, maize, rice, and wheat. Finally, the LOB domain of Ramosa2 from wheat (Triticum turgidum) (termed as TtRa2LD) harboring residues 17-147 was successfully expressed in Escherichia coli, purified to homogeneity, and crystallized. The structure of TtRa2LD was solved to 1.9 Å resolution by single-wavelength anomalous dispersion (SAD) using the natively-bound zinc ions (Table S1 ).
The crystal structure shows that a dimeric TtRa2LD was crystallized in space group P2 1 2 1 2 1 , which contains two subunits per asymmetric unit. The two identical subunits mainly fold into five ␣-helices, and each monomer is composed of five distinct modules as follows: a compact zinc-finger domain (residues 26 -50); a GAS motif composed of two ␣-helices (␣2 and ␣3, residues 51-76) that are perpendicular to each other; an ␣-helical coiled-coil leucine zipper element (␣5, residues 102-132) that is connected to the GAS motif through ␣4 (residues 77-96); and the DPVYG motif (residues 97-101) ( Fig. 1 and Fig.  S1B ). N-and C-terminal ends (residues 17-25 and 133-147, respectively) do not exhibit defined electron density, suggesting that they are disordered. Interestingly, the orientation of the ␣-helical dimerization element ␣5 is approximately perpendicular to ␣4, and thus the dimeric TtRa2LD globally takes a T-like form, which extends ϳ72 Å in length and ϳ49 Å in width (Fig.  1C ). The two protein subunits of TtRa2LD dimer are related by a 2-fold noncrystallographic axis and are nearly identical with a A, motif organization with individual motifs labeled and colored: zinc-finger motif (cyan), GAS motif (green), ␣4 (chartreuse), DPVYG motif (dark yellow), LZLM (crimson), and the variable C terminus (gray). B, ribbon representation of TtRa2LD monomer. Motifs are colored as in A, and Zn 2ϩ ion is shown as a red sphere. C, structure of TtRa2LD dimer, with one monomer shown in cartoon representation and the other in surface rendering. At first glance, the global structure of TtRa2LD is similar to some previously solved three-dimensional structures of dimeric DNA-binding proteins, such as TFIIIA-like "zinc finger" or the steroid receptor-like DNA-binding module, but structural similarity searches with DALI (39) and PDBeFold (40) on the entire protein show that there is no homologue in the Protein Data Bank (PDB). Search of homologues of the separated GAS motif and zinc finger did not give significant results, indicating that the GAS motif and zinc finger folds with unique structural features. However, the coiled-coil dimerization domains are conserved and can be superimposed on the leucine zipper domains of GAL4 with an average r.m.s.d. on C␣ of 1.0 Å. Superposition of TtRa2LD on the structure of GAL4 in complex with DNA (PDB code 1D66) reveals that the rest of TtRa2LD occupies the DNA position ( Fig. 7A ). Therefore, the structure of GAL4 -DNA complex does not give clues that allow us to predict how TtRa2LD binds DNA.
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Zinc-finger domain and its integral structure for DNA binding
The zinc finger of TtRa2LD is composed of an ␣-helix (␣1) with two extended random-coil segments at both ends (Fig.  1B) . The conformation of the zinc finger is stabilized by tetrahedral coordination of a zinc ion with four conserved cysteine residues: Cys-28, Cys-31, Cys-38, and Cys-42 ( Fig. 2A ). As shown in the electron density map in Fig. 7B , the high resolution of 1.9 Å allows us to unambiguously identify the distances between the sulfhydryl atoms and the zinc ion: 2.41 Å (Zn-S␥ of Cys-28), 2.36 Å (Zn-S␥ of Cys-31), 2.40 Å (Zn-S␥ of Cys-38), and 2.36 Å (Zn-S␥ of Cys-42), with all the distances well within the ideal distances of zinc-binding sites in proteins (41) . Although the zinc finger appears reminiscent of the Cys-4 -type motif, it has no structural homology with previously solved Cys-4 zinc fingers such as those found in GATA (42), Sec23 (43) , RecQ (44) , RecR (45) , or RecO (46) . The zinc finger found in TtRa2LD is rather closer to the Cys-6 zinc finger found in GAL4 (PDB code 1D66) (47) and is related to the Zn2/Cys-6 -like finger (fold group 5 according to the zinc finger classification) with the first two Cys in an ␣-helix and the other two in a loop (41) . Superposition of TtRa2LD zinc finger on GAL4 zinc finger gives an r.m.s.d. of 1.44 Å over 16 C␣ (Fig. 7C ). The two zinc-finger motifs in the TtRa2LD dimer are congruent, and the distance between their centers is about 37.1 Å (Fig. 1C ).
To confirm the structure of the zinc finger and better understand its intrinsic properties, we quantified the Zn 2ϩ content using 4-(2-pyridylazo)resorcinol (PAR) and the thiol group of untreated or Zn 2ϩ -extracted TtRa2LD using DTNB (48) . The results indicated that TtRa2LD was co-purified with a stoichiometric amount of Zn 2ϩ . In addition, dialysis of TtRa2LD against DTT and EDTA removed ϳ93% of the bound Zn 2ϩ and uncovered additionally ϳ4 solvent-accessible thiol groups, supporting the notion that the Zn 2ϩ -binding site is composed of ϳ4 cysteines near the surface of TtRa2LD (Table 1 ). We next asked whether the presence of Zn 2ϩ ion is necessary for the DNA-binding activity of TtRa2LD. We pre-incubated the protein with increasing concentrations of EDTA, and we then measured its DNA-binding activity under equilibrium conditions. The results show that the DNA-binding activity was seriously compromised at high EDTA concentrations ( Fig. 2B ). Furthermore, analysis of circular dichroism (CD) spectra of TtRa2LD in the far-UV region further revealed that the reduction of DNA-binding activity was accompanied by an alteration of the secondary structures with increasing EDTA concentrations Crystal structure of a LOB domain protein ( Fig. 2B) , confirming that the Zn 2ϩ ion is essential for keeping the zinc-finger configuration for efficient DNA binding. These biochemical data correlate well with the determined crystal structure of TtRa2LD.
Both GAS motif and ␣-helix 4 are implicated in protein stability, dimerization, and DNA binding
Our structural analysis revealed that the highly conserved GAS motif folds into two ␣-helices (␣2 and ␣3) that are linked by an invariant glycine residue (Gly-64) ( Fig. 1 ). The two ␣-helices are approximately perpendicular to each other and stabilized by a set of hydrophobic interactions implicated by Val-59 and His-60 of ␣2 and Asn-67 and Val-68 of ␣3, whereas Gly-64 is located at the central position of the hydrophobic core ( Fig. 2C ).
It was observed that a natural mutation in Arabidopsis AS2 (named as2-5) results in abnormal phenotype with the leaves having obvious humps at the base of the leaf lamina and an asymmetric lamina in addition to the prominent leaf lobes (5) . Sequence analysis in the as2-5 mutant revealed that a single guanine nucleotide was replaced by an adenine nucleotide in the coding region for the N-terminal half of AS2, resulting in substitution of the glycine residue at position 64 by a glutamic acid residue (23) . This glycine residue is conserved in all members of the LBD family and is located in the linker region between ␣2 and ␣3. The Gly-64 with / value of 92.6/143.4°is in an allowed region of the Ramachandran plot only accessible for glycine (49) . Therefore, this glycine residue is essential for the structure and/or function of LBD proteins. When such interaction was perturbed by replacing Gly-64 with Glu, the resulting mutant protein G64E misfolded and aggregated (results not shown), impeding further biochemical characterization, which suggests that Gly-64 plays an essential role in folding and/or protein conformational stability.
The ␣-helix 4 involved in the dimer formation is linked to ␣5 through a conserved loop (DPVYG motif). The perpendicular conformation between ␣4 and ␣5 is stabilized by a set of interactions of the residues on this loop ( Fig. 2D ). Asp-97 forms three hydrogen bonds with Val-99, Tyr-100, and Gly-101, respectively. The exceptional conformational rigidity of proline may affect the secondary structure of the protein near a proline residue, and the effects on interactions of the clustered residues are emphasized by a mutation of Pro-98 (P98L). The P98L mutant becomes insoluble and heavily aggregated. These results are consistent with previous studies on LBD16 and LBD18 in Arabidopsis, which showed that mutations of the conserved proline residues in LBD16 and LBD18 compromise seriously their DNA-binding activity and biological function in lateral root formation (50) . More interestingly, Arg-94 and Glu-90 on ␣4 of one subunit form two salt bridges with Glu-90Ј and Arg-94Ј of ␣4Ј, stabilizing the TtRa2LD dimer ( Fig. 2E ). To probe the effects of these interactions on protein function, Glu-90 was replaced by Ala. Under equilibrium experimental conditions, quantitative determination and/or comparison of the DNA-binding activities between the WT and the modified TtR2LD proteins were assessed by fluorescence anisotropybased binding assay (FABA). The WT TtRa2LD displays robust binding activities with slightly higher affinity for the palindrome sequence (AH3-ER6) than LBD-RE motif (AH3-12) ( Fig. 3 and Table 2 ), as judged from the determined dissociation constants (K d ϭ 16.8 and 10.7 nM for AH3-12 and AH3-ER6, respectively). However, the dissociation constants of E90A determined with the two DNA substrates are increased by 4.5and 3-fold, respectively ( Fig. 3 and Table 2 ). Furthermore, the possibility that the reduced DNA-binding activity is due to abnormal mutant folding was ruled out by the identical CD spectra of both WT and mutant proteins ( Fig. S3A , hereafter, all mutants were analyzed by CD with results shown in this figure). Altogether, these results show that the interactions between ␣4and ␣4Ј-helices may precisely determine their relative position, enhance the dimerization, and consequently ensure the correct zinc-finger conformation for DNA binding.
Homodimerization is crucial for DNA binding
Residues 102-131 fold as an amphipathic ␣-helix with the typical feature of leucine zipper-like coiled-coil element defined by heptad repeats (abcdefg) (51) . About four heptad repeats lie continuously with 3.6 amino acids per helical turn, and each helix forms a smooth curvature (Figs. 1C and 4A). A detailed view of the side-chain packing and a helical wheel diagram shows that the hydrophobic amino acid residues such as leucine, isoleucine, and valine are predominantly at positions a and d, and the hydrophilic residues such as Lys, Arg, Glu, and Gln are at positions b, c, e, f, and g (Fig. 4, B and D). The two helices are intertwined with each other to form a left-handed coiled-coil. Fig. 4C shows the hydrophilic residues at positions b, c, e, f, and g that force the hydrophobic regions of the side chains at positions a and d to form an extensive hydrophobic core and participate in interhelical hydrophobic interactions. Consistent with previous observations that interhelical salt bridges are one of the essential features of coiled-coil formation and usually required for dimer stability, our structure reveals that Glu-119 at position g and His-124 at position e of ␣5 form two salt bridges with that of ␣5Ј ( Fig. 4E ).
We used bimolecular fluorescence complementation (BiFC) assay to investigate the dimer formation under a normal physiological environment and to probe the coiled-coil structuremediated dimerization. For this purpose, tobacco (Nicotiana benthamiana) leaves were transfected with vectors TtRa2LD-YFP N /YFP C (residues 17-147) as a negative control, TtRa2LD-YFP N /TtRa2LD-YFP C , TtRa2LD⌬123-YFP N /TtRa2LD⌬123-YFP C (residues 17-123, termed as ⌬123), TtRa2LD⌬113-YFP N / TtRa2LD⌬113-YFP C (residues 17-113, termed as ⌬113), TtRa2-YFP N /TtRa2-YFP C (residues 1-257), and TtRa2⌬␣5-YFP N / TtRa2⌬␣5-YFP C , allowing the cells to express TtRa2LD, two progressively truncated TtRa2LD (⌬123 and ⌬113), the fulllength TtRa2 and the ␣5 truncated TtRa2, respectively. As 
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expected, no false-positive BiFC signal can be observed in leaf cells transfected with vectors TtRa2LD-YFP N /YFP C (Fig. 5 ).
The transfected lower epidermis leaf cells with TtRa2LD-YFP N /YFP C , ⌬123-YFP N /YFP C , and TtRa2-YFP N /YFP C displayed green fluorescence, but those transfected with plasmids expressing the truncated proteins (⌬113 and TtRa2⌬␣5) did not ( Fig. 5, left panel) , demonstrating that deletion of 2/3 or the full-length coiled-coil element (⌬␣5) completely abrogates the dimerization of TtRa2LD or TtRa2. From the fact that the cells transfected with ⌬123-YFP N /YFP C displayed subtle reduction in green signal, we suggest that the two salt bridges together with the last 10 amino acids of the C-terminal coiled-coil are dispensable for dimer stabilization. To understand the relationship between the dimerization and DNA-binding ability, TtRa2LD, ⌬123, and ⌬113 were purified, and their DNA-binding activities were determined with the two kinds of DNA substrates: AH3-12 and AH3-ER6. Compared with TtRa2LD, ⌬123 displayed a comparable DNA-binding ability with the two DNA substrates (e.g. K d WT ϭ 10.7 nM versus K d ⌬123 ϭ 15.8 nM for AH3-ER6) ( Fig. 3 and Table 2 ). In the cases of ⌬␣5 (complete truncation of the coiled-coil element) and ⌬113 (2/3 deletion of the coiled-coil element), the dimerization signal in cells becomes invisible, and their DNA binding to the single LBD Table 2 . C, fluorescent-labeled DNA sequence of AH3-ER6. D, same assays as in B, but AH3-ER6 was used. The determined dissociation constants are summarized in Table 2 . Table 2 ). We further analyzed the oligomeric states of the two truncated mutants (⌬113 and ⌬123) in parallel with TtRa2LD by ultracentrifugation assay. In accordance with the crystal structure and the observation in BiFC assay as described above, both TtRa2LD and ⌬123 exist in solution as very stable dimer at the all protein concentrations used (Fig. 5B ). In contrast, only the higher protein concentrations stabilize the mutant ⌬113 as a dimer, and lower protein concentrations enhance the dissociation of ⌬113 into a monomer (Fig. 5B ). Taken together, the correlation between in vivo and in vitro structure-activity relationships allows us to conclude that the coiled-coil-mediated TtRa2LD homodimerization is crucial for DNA binding and recognition of potential target sites.
Molecular mechanism of DNA recognition and DNA specific binding
We were unable to get crystals of the protein-DNA complex. Only DNA AH3-ER6, from a protein-DNA complex mixture, was crystallized, and its structure was solved at 1.8 Å resolution, showing a typical B-DNA form. Based on the crystal structures of the protein and AH3-ER6, the structural model of the complex (TtRa2LD-AH3-ER6) was obtained by flexible docking. The stability of the modeled complex was then further submitted to 100-ns molecular dynamics with GROMACS. The interactions modeled by the flexible docking are maintained during the molecular dynamics simulation, and the overall complex becomes more symmetric with the same kind of interactions in the two inverted repeat binding sites (Fig. 6A ). 
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To confirm the model from computational simulation, three scattering curves of DNA, protein, and protein-DNA complex were respectively recorded from SEC-SAXS experiments. SAXS data of isolated components, DNA and protein, fit with the structures derived from X-ray crystallography (Fig. S5, A  and B, respectively) . A reliable model was constructed by multiphase analysis with the MONSA program, by taking the advantage that the different electron density contrasts of the protein and DNA allow us to locate them in the protein-DNA complex (Fig. 6, B and C; Figs. S6, S8, S9) . Although symmetry was not imposed during calculation, the SAXS ab initio envelope reveals a dimeric structure. The protein envelope surrounds the nucleic acid on both sides, which may correspond to the zinc-finger domains. The longest part of the protein envelope corresponds to the coiled-coil helix bundle. The connection between ␣4 and the helix bundle may be flexible, and the LZLM domain is bent toward DNA, forming a 45°angle regarding its position in the crystal structure. The two zinc fingers have a distance of 34 Å, which represents a turn of doublestranded B-DNA. Both zinc fingers can thus be in the major groove simultaneously (Fig. 6C ). The loop (residues 34 -37) downstream ␣-helix 1 penetrates the major groove and contacts with both sugar-phosphate backbone and certain bases (Fig. 6, A and C, and Fig. 7 ). The residues involved in those interactions are Leu-34, Arg-35, Arg-36, and Lys-37. Leu-34 interacts with the phosphate of C3 (L34:NH-C3:O1P/O2P). The consecutive highly conserved and positively charged residues, including Arg-35, Arg-36, and Lys-37, are implicated in both base and backbone interactions ( Fig. 7 and Fig. S2 ). Interestingly, it appears that Arg-35 is the key residue that recognizes the bases in the conserved core sequence (GCGGCG). Arg-35 side chain forms hydrogen bonds with G3 (R35:NH 2 -G3:O6 and R35:NH 2 -G3:N7), G4 (R35:NH 2 -G4:06 and R35: NE-G4:06), and C3 (R35:NH 2 -C3:N4) on the complementary strand. In addition to the zinc finger, the perpendicular ␣2 and ␣3 of the GAS motif interact with the sugar-phosphate backbone of the minor groove, where His-60 and Ser-66 interact with groups of phosphate of the spacer sequence (CGTA) (Fig. 7) .
To further confirm the molecular modeling and SAXS-determined model, several mutants were prepared and assayed for DNA binding. Seven single mutants (L34A, R35A, R35H, R36A, R36H, K37A, and K37H) and one triple mutant (R35A/ R36A/K37A, TM) were analyzed for their DNA-binding activities with AH3-12 and AH3-ER6 by the FABA assay. Consistent with our model, FABA confirmed that DNA bindings of R35A and R36A were reduced by about 40-and 60-fold, respectively ( Fig. 3 and Table 2 ). When Arg was replaced by His, while R35H displays DNA-binding affinity that is comparable with WT protein, the binding ability of R36H was reduced ϳ4-fold ( Fig. 3 and Table 2 ). The DNA-binding activity of the triple mutant is too low to be determined precisely. Interestingly, the "conservative mutation" K37H severely compromises DNA binding more than K37A (K d K37A ϭ 28.3 versus K d R37H ϭ 150.6 nM). This is possibly due to a steric effect of the His side chain that may prohibit the flexibility of the lateral chain ( Fig. 3 and Table 2 ). The reduced DNA binding of R36H may explain why a natural Ra2-mum4 mutant of maize corresponding to R36H shows abnormal phenotype with disorganized rows of kernels in the ear (3).
One striking crystal structural feature of TtRa2LD is that the spatial conformation of the dimeric form is well-defined not only by canonical coiled-coil element but also by two salt bridges between ␣4 and ␣4Ј ( Fig. 2E ) and two pairs of hydrogen bonds between the two GAS motifs (Fig. S4) . Although it appears that the spatial conformations of the two zinc fingers may be strictly positioned due to the series of interactions mentioned above, our SAXS data reveal that the zinc finger and the GAS motif may be more flexible in solution. Taken together, these observations suggest that TtRa2LD may be cooperative for DNA binding, although it is tolerant for palindromic DNAs bearing different spacing lengths.
Indeed, the reduction in DNA binding with the palindrome sequence mutated in one GCGGCG motif is more than 4-fold ( Fig. 6E, K d WT ϭ 10.7 nM for AH3-ER6 versus 52.3 nM for AH3-ER6 M1), indicating that the binding is cooperative but not additive. Although many LBD proteins recognize the canonical GCGGCG element, the physiological function of each member does not overlap (25) (26) (27) (28) (29) (30) . It is possible that the optimal DNA binding affinity of each LBD protein is also determined by spacer length, allowing a given LBD transcription factor to recognize a given target site with defined spacer length. To test this hypothesis, we performed FABA experiments using AH3-ERN oligonucleotides in which the two inverted GCGGCG sites are spaced by N bases (n ϭ 1, 4, 6, 8, 10 and 12 bp, Fig. 6D ). TtRa2LD displays optimal binding affinity toward DNA probes with a space between 4 and 6 bp as revealed by the determined dissociation constants. The DNA-binding affinity was seriously compromised when the space is more than 8 or less than 4 bp (Fig. 6F ). The above phenomena and DNA-binding properties are resembling that of DNA-binding auxin response factors (33) .
Discussion
Our results presented here provide a high-resolution description of the exquisite structural details of different modules in the LOB domain that was previously identified merely by sequence alignments. Our structure reveals that the previously mentioned C-block in fact forms a C4-type zinc finger. Together with GAS motif and the perpendicular conformation between ␣4 and ␣5, the zinc finger constitutes an interaction network that precisely determines the spatial configuration of DNA recognition and binding site. The perpendicular conformation between ␣4 and ␣5 is stabilized by a set of interactions Figure 5 . In vivo homodimerization of TtRa2LD determined by BiFC assay and analytical ultracentrifugation analyses of the WT and mutant TtRa2LD proteins. A, representative confocal images of tobacco leaf cells expressing WT and modified TtRa2 proteins. Epifluorescence and bright-field images of epidermal leaf cells were captured by Zeiss LSM510 system. Scale bar, 50 m. B, curves for molar mass distribution (c(M)) of TtRa2LD and mutants ⌬123 and ⌬113 (protein contraction from 0.05 to 0.4 mg/ml). C, cartoon model of TtRa2LD and mutants ⌬123 and ⌬113 (upper panels) and the relationship between molar mass and protein concentration of TtRa2LD and mutants ⌬123 and ⌬113 from analytical ultracentrifugation results (lower panels). 1-12 bp) . E, FABA analysis of TtRa2LD with fluorescently labeled AH3-ER6 sequence, and its derivative AH3-ER6 M1 in which one LBD-ER motif CGCCGC is replaced by AATTTAT. F, relationship between the DNA-binding affinity and the number of spacing bases. A series of fluorescently labeled AH3-ER6 derivatives in which the two LBD-ER motifs CGCCGC are spaced by different numbers of base pairs as indicated in Table S5 . The dissociation constants (K d ) were determined by the FABA.
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of the residues on this loop and constitutes a stable coiled-coilcontaining dimer. Until now, only three structures of the zincfinger transcription factors in plants, including Arabidopsis thaliana SUPERMAN, WRKY4, and SBP-family transcription factors, are available, although the zinc finger in the WRKY4 protein does not directly participate in DNA binding (35, 37, 52) . The plant TFIIIA-type zinc-finger proteins are characterized by long spacers of various lengths between adjacent fingers and a unique sequence, QALGGH, within a putative DNA-contacting surface of each finger (53, 54) . However, the LBD protein harbors only one zinc-finger motif without the conserved sequence QALGGH. In accordance with these sequence characteristics, the conformation of the zinc finger determined from TtRa2LD does not match those determined in plants; rather, it resembles more the Cys-6 zinc finger found in GAL4 (Fig. 7) , indicating that the zinc-finger motif of LBD proteins differs from the previously characterized zinc fingers of transcription factors in plants and possesses unique structural features.
A rigorous molecular model constructed from molecular dynamics simulations and SAXS ab initio envelope provides the molecular basis for DNA recognition and binding specific- 
ity. The zinc-finger motif recognizes the conserved LBD motif (GCGGCG) largely at the major groove. The zinc finger binds to the conserved LBD motif involving both base contacts and backbone interactions, and the specific contacts between the GCGGCG elements in major groove and a cluster of residues downstream from the ␣-helix1 (Leu-34, Arg-35, Arg-36, and Lys-37) play a particularly important role in the recognition of the conserved bases and DNA binding. The above interpretations are consistent with our molecular modeling data and have been confirmed by site-directed mutagenesis. Moreover, the structural information helps us to understand and interpret the previously reported phenotypes of naturally occurring and genetically produced mutants (3, 23, 50) .
Homo-and heterodimerization are generally observed within LBD proteins (10, 50) . However, it was not clear whether LBD proteins function as monomers in cells. According to our present crystal structure, and cell-based BiFC and high-speed ultracentrifugation analysis, dimerization is an intrinsic property of LBD proteins and is absolutely required for their cellular functions. Interestingly, our structure reveals that dimerization of LBD proteins is not merely ensured by the classical coiledcoil dimerization elements as mentioned previously in the literature, but it is also further strengthened by the additional dimerization ␣-helices (␣4 -␣4Ј, ␣2Ј-␣3, and ␣3-␣2Ј) ( Fig. 2E and Fig. S4 ) that lie between the zinc fingers and the coiled-coil module. Thus, the two monomeric LBD proteins are assembled into a stable dimer in which the distance between the two zinc-finger motifs and their stereochemical conformations are precisely determined. Interestingly, our SAXS experiments revealed that the relative positions of the zinc fingers may be more flexible in solution, and it is therefore not surprising that the dimeric TtRa2LD displays asymmetric DNA binding: the two zinc fingers recognize somewhat differently the palindromic sequences (Fig. 7D) . In fact, it has been widely reported that a homodimeric transcription factor orients the zinc fingers to take an asymmetric configuration to recognize the target sequences. This may be a biologically resourceful and common mechanism for target DNA recognition (47) .
Furthermore, the dimeric structural features of LOB domain indicate that the DNA binding of LBD proteins can involve either one or two binding sites; thus DNA binding may be cooperative, and the relatively constrained spacing between the two zinc fingers may determine its palindrome DNA target. Indeed, our binding experiments confirmed the cooperative property for DNA binding. With a series of DNA substrates harboring the palindromic sequence and varying in spacing lengths, we showed that the dimeric LOB domain acts as "molecular calipers" to measure the optimal spacing in potential DNA targets. In this regard, it is reminiscent of GAL4 family proteins in which the sequences linking the zinc-finger motifs and the coiled-coil elements are not structured, leaving a great flexibility of spacing for the two zinc fingers. Although the structures of heterodimers of LBD proteins are not yet available, the heterodimers formed in cells must possess structural divergences in the zinc-finger regions that might recognize different palindromic DNAs, localizing different transcriptional sites. Thus, these dimeric structural properties of LOB domain help us to understand how LBD family members perform diverse devel-opmental programs through the cooperative actions of homoand heterodimeric LBD-mediated molecular pathways.
Experimental procedures
Protein expression and purification
The LOB domain of T. turgidum L. Ramosa2 (residues 17-147) was amplified from cDNA clones using primers as listed in Table S3 and Prime STAR HS DNA polymerase (Takara), and it was expressed in E. coli strain 2566 (New England Biolabs) with a modified pET21a vector with a His tag, a maltose-binding protein (MBP) tag, and a TEV cleavage site fused at its N terminus. When the culture reached an A 600 of 0.6, protein expression was induced by adding 0.3 mM isopropyl 1-thio-␤-D-galactopyranoside for 12 h at 18°C. After harvesting the cells, the pellets were resuspended in amylose lysis buffer (20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 10% glycerol (v/v)). Cells were lysed by passing the suspension twice through a Low Temperature High Pressure Cell Disrupter at 1100 bar, and then the supernatant was generated by centrifugation at 12,000 rpm for 40 min. The sample was loaded onto a amylose column (New England Biolabs) and washed with 20 column volumes wash buffer (20 mM Tris-HCl, pH 7.4, 1 M NaCl, 10% glycerol (v/v)). Thereafter, target protein was eluted with elution buffer (20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 0.5% maltose (w/v)). The eluted protein was incubated with TEV protease for 12 h at 4°C and loaded on an equilibrated Ni 2ϩ affinity column to remove the cleavaged N-terminal tag. The sample was dialyzed against buffer A (20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5% glycerol (v/v)) and loaded on a Hitrap SP column (GE Healthcare). The protein was then eluted by a NaCl gradient (50 -1000 mM in buffer A). After a final step of Superdex 200 size-exclusion chromatography, the final purified protein was concentrated to 20 mg/ml and stored at Ϫ80°C. The protein concentration was determined by UV absorbance at 280 nm, and the purity was checked by SDS-PAGE (typically Ͼ95%).
Crystallization, data collection, and structure determination
Crystals were grown from a 2.5 ϩ 2.5-l drop of 16 mg/ml protein solution and the crystallization buffer in a 24-well sitting-drop crystallization plate at 20°C. Initial needle-shaped crystals were obtained in a solution containing 0.1 M sodium citrate tribasic dihydrate, pH 5.5, and 22% PEG1000. Optimized crystals for X-ray diffraction were acquired using a solution containing 0.1 M sodium citrate tribasic dihydrate, pH 6.4, 28% PEG1000, and 3 mM ZnCl 2 . Rod-shaped crystals were observed within 5 days and reached maximum sizes within 2 weeks. They were picked and immediately frozen in liquid nitrogen.
X-ray diffraction data were collected at 100 K on beamline BL19U1 at the Shanghai Synchrotron Radiation Facility using a Pilatus 6M detector (Dectris) and processed using XDS (version March 1, 2015) (55) through AutoPROC pipeline. The crystal structure of TtRa2LD was solved by single-wavelength anomalous dispersion (SAD) with AutoSHARP (56) and CCP4 suite (57) by using an anomalous signal of zinc at the wavelength of 0.9785 Å. In AutoSHARP pipeline, two anomalous scatterers were found in the asymmetric unit using ShelxC/D and then the anomalous scatterer parameters and phases were calculated and refined with SHARP to an anomalous phasing power of Crystal structure of a LOB domain protein 0.63 and a Figure of Merit (FOM) of 0.23. Correct hand was chosen unambiguously after density modification with Solomon using a solvent content of 47.9%, improving the overall FOM to 0.65. Automatic building was done by Arp/Warp (version 7.5), and 200 residues were docked in the sequence. Final structure was manually rebuilt with Coot (58) and refined to 1.9 Å resolution with Phenix (59) .
Site-directed mutagenesis and FABA
Deletions or site-directed point mutations of TtRa2LD related to DNA binding were introduced into DNA fragments corresponding to TtRa2LD through PCR using primers as listed in Table S3 . Then the fragments were cloned into the modified pET21a vector containing an N-terminal His-MBP-TEV tag. DNA sequencing verified the introduction of the wanted mutations and confirmed that no undesired mutation was present. Expression and purification of the mutant TtRa2LD proteins are similar to that for the WT TtRa2LD.
The oligonucleotides used for FABA experiments (Table S5 ) were annealed from complementary single-stranded sequences to form the DNA duplexes. The resulting oligonucleotides were purified to remove the unwanted DNA by using a Hitrap Q column (GE Healthcare) after annealing. FABA for DNA binding was performed in reaction buffer containing 10 mM Tris-HCl, pH 7.5, 1 mM DTT, and 5% glycerol (v/v) by using an Infinite F200 instrument (TECAN). The wavelengths of fluorescence excitation and emission were 485 and 535 nm, respectively. The 6-carboxyfluorescein-labeled oligonucleotides were used for the DNA-binding assay. Twelve 2-fold dilution steps (800 to 0 nM) of the purified proteins with a final volume of 100 l were incubated with 2.5 nM fluorescent-labeled probes in a 96-well plate at 30°C for 10 min before measurements. Curves were fit individually using KaleidaGraph 4.03 software. The dissociation constant K d was determined using Equation 1, ⌬r ϭ ⌬r max ϫ P/͑K d ϩ P͒ (Eq. 1) where ⌬r is the measured anisotropy in millipolarization; ⌬r max is the anisotropy at saturation, and P is the protein concentration.
Quantitation of bound Zn 2؉ and free thiol groups in TtRa2LD
The Zn 2ϩ content of the TtRa2LD used for crystallization was measured by taking advantage of the light absorbance variation of 4-(2-pyridylazo)resorcinol (PAR) at 500 nm when bound to Zn 2ϩ (60) . To quantify more precisely the zinc content of the protein, all of the buffers were pre-treated with Chelex 100 resin. TtRa2LD was dialyzed against the EDTA-free Chelex-treated buffer passed over a 10-cm column of Chelex-100 and re-concentrated. To facilitate zinc release, the protein (1 nmol in a volume of 20 l) was first denatured with Chelextreated 7 M guanidine-HCl and then transferred to a 1-ml cuvette, and the volume was adjusted to 0.9 ml with a buffer containing 20 mM Tris-HCl, pH 8.0, and 150 mM NaCl. PAR was added into the cuvette for a final concentration of 100 M. The absorbance at 500 nm was measured. The quantity of zinc ion was determined from a standard curve of ZnCl 2 samples in a range of concentrations using the sample preparation procedure as described above but with TtRa2LD omitted.
The zinc-demetallated TtRa2LD was obtained by dialysis of purified TtRa2LD against buffer B (20 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10 mM EDTA, 1.5 mM DTT, 10% glycerol (v/v)) overnight at 4°C. The [thiols free ] in TtRa2LD and the Zn 2ϩextracted TtRa2LD were determined by measuring the absorbance at 412 nm following reaction of DTNB with thiols in the protein as described in the literature (61) . 10 l of DTNB (10 mM in 0.1 M sodium phosphate, pH 8.0) was added to 5 ml of untreated or Zn 2ϩ -extracted TtRa2LD in a buffer containing 20 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 10% glycerol (v/v), and diluted into 150 ml of 0.1 M sodium phosphate, pH 8.0. Samples were incubated at room temperature for 1 h, and their absorbances at 412 nm were measured. These values were converted to [thiols free ] as described in the literature (61) . Table S4 . All constructs were verified by sequencing and introduced into Agrobacterium strain GV3101 via electroporation method. Agrobacterium infiltration for transient expression of the constructs was accomplished in the leaves of 4 -6-week-old N. benthamiana grown in soil under greenhouse conditions. The p19 protein of tomato bushy stunt virus was used to suppress gene silencing. Agrobacterium strains containing the BiFC-partner constructs and the p19 helper strain were mixed together at A 600 of 0.9:0.9:0.3, incubated away from light for 2 h at room temperature, and then co-infiltrated into the tobacco leaves. Fluorescence of lower epidermal cell layers of tobacco leaves was visualized with a Zeiss LSM510 system about 2-3 days after infiltration. Argon laser (488 nm) was utilized for fluorescence excitation.
Analytical ultracentrifugation
Analytical ultracentrifugation experiment was performed using an XL-I analytical ultracentrifuge (Beckman Coulter, Fullerton, CA) equipped with a four-cell An-60 Ti rotor. The purified protein (0.4 -0.05 mg/ml) in 50 mM Tris-HCl, pH 7.5, and 500 mM NaCl was centrifuged at 20°C and 60,000 ϫ g for 8 h, with the same buffer as control. To determine the molecular weight of the protein, the data were analyzed using the software Sedfit (63) .
Overall structure analysis by CD spectra
All the CD spectra of the WT and mutant TtRa2LD proteins were collected on a MOS-450/AF-CD spectrometer (Bio-Logic, French) at room temperature. All proteins were diluted to 0.1 mg/ml in 0.2 M phosphate buffer, pH 7.5, and a quartz cell with a path length of 1 mm was used. Each spectrum was the average of three scans.
Crystal structure of a LOB domain protein DNA segment docking
The molecular model of AH3-ER6 DNA duplex was generated using the 3D-dart web server. Modeling of the TtRa2LD-AH3-ER6 protein-DNA complex was first performed with rigid body approach using ZDOCK. 2000 models were generated and clustered using the Rosetta energy function (64) . The top cluster was further used as an initial model for flexible docking using HADDOCK 2.2 web server (65) . For HADDOCK calculations, active residues for TtRa2LD were chosen as the closest to the DNA according to the initial rigid body model. Passive residues were automatically defined around the active residues by HADDOCK. All of the bases of the DNA duplex sequence were considered active in the docking. The standard docking procedure was used: from the initial 1000 complex structures generated by rigid-body docking, the 200 lowest energy structures were further refined in explicit water after semi-flexible simulated annealing. A cluster analysis was performed on the finally docked structures corresponding to the 200 best solutions with lowest intermolecular energies based on a 7.5-Å r.m.s.d. cutoff criterion. The clusters were ranked according to the averaged Z-score of their top 10 structures.
The best solution was then submitted to 100 ns molecular dynamics simulation with GROMACS using AMBER99SB and AMBER94 force fields for protein and DNA, respectively. Before molecular dynamics, the system was equilibrated in an explicit dodecahedron TIP3 water box at 300 K and 1 bar. Trajectory was analyzed with the tools distributed with GROMACS.
SAXS
SAXS experiments were carried out at 20°C with SEC-HPLC coupled to SAXS data collection at the SWING beamline (SOLEIL Synchrotron, Saint-Aubin, France). The samples of protein, DNA, and protein-DNA complexes were injected at a concentration of 10 mg/ml on BioSEC3 HPLC column (Agilent) at a flow rate of 0.2 ml/min in a buffer containing 10 mM Tris-HCl, pH 7.5, 30 mM NaCl, and 5% glycerol (v/v). Scattering data were collected on the PCCD170 detector (Aviex), and data reduction and processing of images were done with Foxtrot (66) . Analysis of the HPLC-SAXS profiles was performed using Foxtrot and US-SOMO HPLC-SAXS module of Ultrascan2 software (67) . Briefly, I(q,t) stack of data frames I(q) collected over time t was transformed into I(t,q) stack allowing visualization of peaks at I(t,q min ) for the lowest value of q recorded (q min ϭ 0.007 Å Ϫ1 ). I(0) and the radius of gyration (R g ) were calculated over the profile with Guinier approximation up to q limit satisfying qR g Ͻ1. 3 . Peaks that were not baseline-resolved were deconvoluted and modeled with Gaussian approximation tools included in US-SOMO. SAXS profiles I(t,q) for the extracted peaks were generated and then frames with constant R g values were averaged to produce SAXS reference data I(q) for each peak. SEC-SAXS profiles with treatment of peaks are shown in Fig. S6 . Pair-distance distribution function and the maximum particle dimension (D max ) were calculated using the GNOM4 program from ATSAS 2.8 suite (Fig. S7) (68) . Ab initio envelopes for isolated protein and DNA were determined using DAMMIF with experimental R g and D max values as constraints.
Ab initio modeling of TtRa2LD-AH3-ER6 protein-DNA complex was done with MONSA multiphase approach (69) using a combination of SAXS data of the protein, DNA, and complex and defining two phases with distinct electronic density contrasts for protein and DNA. The atomic model of the complex was adjusted by rigid body modeling with SASREF and local adjustments with MODELLER (70) . Finally, the atomic model profiles were calculated and fitted to the experimental data using CRYSOL and aligned on ab initio bead models with SUPCOMB. All of the SAXS parameters are summarized in Table S2 . 
